To investigate the linkage between erosion process and channel network extent, we develop two simple erosion threshold theories driven by a steady state runoff model that are used in the digital terrain model TOPOG to predict the pattern of channelization. TOPOG divides the land surface into elements defined by topographic contours and flow lines, which can be classified as divergent, convergent and planar elements. The calibration parameter for the runott model is determined using empirical evidence that the divergent elements which comprise the ridges in our study area do not experience saturation overland flow, where as the convergent elements in the valleys do during significant runoff events. A threshold theory lor shallow landsliding predicts a pattern of instability consistent with the distribution of landslide scars in our 1.2 km2 study site and confirms the interpretation, based on field observa tions, that indicate the steeper channel heads to be at least partially controlled by slope instability. Most sites of predicted and observed slope instability do not, however, support a channel head, hence landslide instability alone is not sutficient for channelization. In contrast, most elements predicted to be eroded by saturation overland flow coincide with the observed location of the channel network. In addition, areas of predicted downslope decrease in relative sediment-transport capacity were found to correspond to locations where channels became discontinuous. The topographic threshold given by the saturation overland flow erosion theory varies with the third power of critical boundary shear stress, suggesting that critical shear stress, although difficult to quantify with much precision in the field, is a dominant control on the extent ot the channel network where saturation overland flow is significant. Current extent ot the channel network in our field site, tor example, may best \)c explained as resulting from grazing-induced reduction in surtace resistance.
Introduction
Landscape dissection is controlled by the tendency tor runoff to channelize into avenues of concen trated erosion (e.g., Horton 1945; Smith and Breth erton 19721 . Field studies have revealed that the upslope extent of the channel network may be well defined by an inverse relationship between drain age area and slope (Montgomery and Dietrich 1988 , 1989 . These studies have also shown that at the channel head, there is typically a process change, upslope of which mass wasting and diffu sive processes predominate and downslope of which runoff-driven incision occurs (e.g., Dietrich and Dunne 199, }) . Hence, in a given catchment, there appears to be a threshold of erosion resis tance which sets the location of a channel head at a specific drainage area and local slope, and therefore determines the extent of the channel network in a watershed. This concept has been explored in a landscape evolution model by Willgoose et al. (1991) . Acquisition of high-resolution digital elevation data allows a comparison between the location of channel networks mapped in the field and net works predicted by process-based theories. Other than the comparison between predicted and ob served ephemeral gullies in an agricultural field by Moore et al. 11988..) , however, we know of no such studies. Numerical models can convert the eleva tion data into a digital surface upon which water and sediment can be routed. At present, however, digital elevation data, even at very high resolution isay 1 m grid spacing) are too sparse to capture the local topography around typical small channel |Thc lourn.il til Geology, 1993, volume 10! p 2v;-27K| c 199.5 bv The Universitv ol Chicago All rights reserved. 0022-1 *76 9. I0102-009S1.00 f heads, which often are only decimeters in size at their tips. Process-based models for channel net works, then, are best thought of as attempting to define where in the landscape there would be a tendency for erosion to channelize, rather than as attempting to predict the size and downstream top ographic evolution of discrete channels that collect to form the network.
In this paper we build upon a recent study (Die trich et al. 1992 ) to propose two simple threshold of erosion models that, based on field observations, appear appropriate for explaining channel initia tion in a small watershed where the full extent of the channel network has been mapped. We develop these theories in a form which can be easily tested using digital elevation data and a simple hydrologic routing model. Our analysis suggests that both the upslope extent and discontinuous nature of the channel network in our field area in Marin County, California, can be explained primarily by saturation overland flow erosion. Shallow landslid ing, while active at many of the steeper channel heads, also occurs in areas that do not have suffi cient runoff to maintain a downslope channel. Hence landsliding does not uniquely define chan nel-head locations. The mechanistic analysis pro posed here, although crude, does strongly suggest how the channel network in our study area has responded to climatic change and landuse. It also leads to further testable hypotheses regarding ero sion thresholds.
Theory
Three simple theories for predicting runoff, slope instability, and erosion by saturation overland flow. Although these theories were reported by Dietrich et al. (1992) , their derivations were not given. These theories are developed here in a form to take advantage of two topographic attributes easily determined from digital elevation data: drainage area per unit contour length, and local ground slope.
Runoff Model. In well-vegetated semi-arid to humid landscapes where precipitation intensity does not exceed the soil infiltration capacity, run off occurs by subsurface and saturation overland flow (e.g., Dunne 1978) . Erosion thresholds will be crossed during precipitation events that elevate pore pressures associated with subsurface flow to the point of mass failure of the ground or where subsurface flow returns to the surface and com bines with incoming precipitation to generate satu ration overland flow of sufficient depth to cause surface incision of the ground. On exposed cuts such as in channel heads, seepage erosion may re quire a critical hydraulic gradient to displace sur face materials (Dunne 1990; Montgomery 19911 , but this process will not be considered here.
Although erosion events are clearly driven by storms of varying intensity and duration that occur on watersheds of seasonally varying antecedent conditions, the modeling of such unsteady rainfallrunoff processes introduces considerable complex ity and several calibration parameters for which spatial and temporal variability is difficult to de fine. Given that we can only ask whether a particu lar place in a landscape is likely to experience hy drologic conditions favorable for a threshold of erosion to be exceeded, rather than make specific predictions about the size and dynamics of individ ual channels, it seems appropriate to keep the hy drologic driving function as simple as possible, while still retaining the essential physics. Here we use a steady-state runoff model that can be inter preted as mimicking the topographic dependence of runoff during transient storm events. This makes evaluation of the predicted storm runoff dif ficult, but we suggest that the landscape topogra phy itself places some constraint on the magnitude of the saturated flow response. We will also as sume that transmissivity, saturated conductivity, and the ground resistance to runoff and erosion are spatially constant.
Following the formulation proposed by O'Loughlin (1986) for subsurface flow, we can write the conservation of mass for steady-state, shallow sub surface flow and saturation overland flow as follows: qa -TMb = udb. 1
As shown in figure 1 , a is the catchment draining across a contour of length, b. The total runoff per unit area, ./. is equal to the precipitation, p. minus the evaporation, e. minus deep drainage, r. i.e., [q = p -e -r). As O'Loughhn (1986) correctly points out, even in the steady-state case, p. e. and i need not be spatially constant, although we as sume so here. The shallow subsurface flow mod eled here is assumed to flow parallel to the ground surface and at saturation is equal to the transmis sivity, T, times the surface slope, M, times the con tour length, b. Here M equals sinH. Runoff th. : cannot be transmitted in the subsurface mu>t travel overland, and does so with a mean velocity of u for a depth, d, across the contour length, b. Hence, equation (1) simply states that the differ ence between the total runoff and the saturated i igure 1. Plan view and cross section of area draining across the contour length, b. as defined by "flow lines" generated by the program TOPOG lO'Loughlin 1986).
In the cross section, the heavy line depicts the ground surface. The stippled area is the shallow subsurface flow and saturation overland How with discharge of Tmb and udb. respectively. Here q equals precipitation, r>. minus evaporation, e. and deep drainage, r. a is drainage area, h. z. and d (measured normal to the ground surface), are the thickness ot the subsurface saturated flow, thickness of the potentially unstable mass, and thickness of the saturation overland flow, and u is the mean overland How velocity parallel to the ground surface. T is the :ransmisstvity and M is sin t).
subsurface flow is the overland flow at steady-state conditions. According to equation ill, the ground will satu rate everywhere that these conditions hold: b q Equation (21 can be rearranged to state that where the topographic ratio, a/\bM), is greater than or equal to the hydrologic ratio, Tlq. the ground will saturate. In essence, a/\bM) is the topographic •erm that expresses the tendency for flow conver gence (high a/b) and for the flow to travel quickly as shallow subsurface flow |large .VI) rather than as saturation overland flow (small Al). Large areas draining to gentle slopes [i.e., where this ratio is large) are prone to saturation. The hydrologic ratio, Tlq, can be thought of as the ability of the subsur face to transmit flow relative to the applied runoff.
Hence, where this ratio is small, the ground tends to saturate.
If the hydrologic parameter, Tlq, is roughly spa tially constant for a given storm, then a survey of the upslope extent of saturation at points through out a watershed should find these points having the same value of a/[bM) (e.g., Kirkby 1978; Beven and Kirkby 1979) . Equation (2), when used in com bination with knowledge of the landscape form de rived from a digital elevation model, will also prove useful in establishing the value of Tlq, as discussed later.
Slope Stability Threshold. Shallow landsliding occurs when pore water pressure reduces the frictional strength of the soil to the point where the shear stress due to the downslope weight of the soil exceeds the strength. We assume that the zone of shallow surface storm runoff is confined to a cohesionless (at failure) soil overlying a less con ductive, but stronger bedrock. Hence, in figure 1, z defines not only the maximum thickness of shal low surface flow, but also the thickness of the shal low, potentially unstable surface layer. The ground does not have to be saturated for failure to occur; hence the local thickness of saturated flow, h, can be less than or equal to z. If T = Kz cos 6, in which K is the saturated conductivity, then for subsurface flows equal to or less than saturated, the ratio of the actual runoff to maximum subsurface flow is: qa A. sin 0/7 cos 0 h bTM K sin Hz cost.
3 )
Because our hydrologic model assumes flow paral lel to the ground surface, excessive pore pressure associated with exfiltrating gradients cannot be modeled. The thickness of the saturated zone re quired to convey the imposed runoff varies from a small value up to z. the thickness of the conduct ing layer; hence h/z varies from nearly zero to 1.0.
For cohesionless material, the infinite slope sta bility model can be written as:
and with substitution of equation (3) for h/z this becomes: b p u . \ t a n 6 / q (4) This states that instability will occur when the area per unit contour length is greater than or equal to the product of four terms: the bulk density ratio of wet soil (ps) to water (pu.), the ratio of the tangent of the ground surface to the angle of internal fric tion (tan d>), the hydrologic ratio [T/q], and the ground slope (sin 0). Although it would be more realistic to include a cohesion term in equation (4), this requires additional information about soil depth, or at least the depth of rooting. Again, for simplicity, here the contribution of cohesion is ne glected. Because of the condition of flow parallel to the ground surface, slopes greater than or equal to the friction angle are chronically unstable and would be in areas where bedrock is exposed. Also, for slopes with tan 0 < |(psz -pwh)/[psz)\ ■ tan d>, the ground is stable even if saturated.
Threshold of Erosion by Saturation Overland Flow. In general, we can write the conservation of mass equation for erosion due to sediment trans port as:
in which q, is the sediment transport vector, p, is the dry bulk density of the soil surface, t is time, and z is the local elevation of the ground surface. Sediment transport by running water varies in pro portion to boundary shear stress (e.g., Slattery and Bryan 1992; Dunne 1991) ; therefore divergence of the boundary shear stress (in excess of some criti cal value) will induce erosion. The threshold of erosion by overland flow, however, is not necessar ily equivalent to the threshold of channel incision by that flow. This was clearly the case in rill inci sion on both an unvegetated surface (i.e., Slattery and Bryan 1992) , and on poorly vegetated surfaces (Dunne and Aubrey 1986) . Dunne (1980) has ar gued that one reason for this stability, at least in coarser sediments, is the diffusive behavior of rain splash transport in shallow sheet flow, which would tend to damp the tendency for the flow to incise. Based on flume experiments in somewhat cohesive materials, there is evidence that although the lateral instability of the flow develops, it does not cut a channel (or rill) until the flow has become approximately supercritical and causes the forma tion of an upslope propagating knickpoint (Slattery and Bryan 1992) . Because of the high resistance to surface erosion in the well-vegetated areas where saturation over land flow occurs and the resulting significant flow depth needed to generate boundary shear stress to cause sediment transport, we will assume that once a critical boundary shear stress (tc) is ex ceeded, the flow will incise and form a channel. This is particularly true where the surface, due to roots, stems and decayed organic matter, is consid erably more resistant than the immediate subsur face. As long as the actual relationship between boundary shear stress (t,,) and sediment transport rate is strongly non-linear, as might be expected in this case, the characterization of the surface as having a threshold boundary shear stress is reason able. If we also assume that sediment transport, <:/.. is proportional to an excess boundary shear stress, as is usually shown tor sand and coarser material (e.g., Yalin 1972), then <_*<*! and channels would be expected to form when \ih > -J and tend to thin and disappear if \[c) [7,. - 7,V')/dx\ < 0. On poor-to well-vegetated surfaces, the availability of sediment for transport is lim ited, so the actual transport rate will be well below the transport capacity estimated from an excess boundary shear stress equation. Nonetheless, we propose that the tendency for scour or deposition will still respond to spatial change in excess of shear stress.
Boundary shear stress in nonaccelerating flows can be written as:
15! Gravitational acceleration, g. and fluid density, pu., are known, and the local slope can be determined from a sufficiently high-resolution digital eleva tion model. The flow depth must be calculated based on runoff rate and surface roughness. Rewrit ing equation (1) 
To eliminate the velocity term in (6), we use a form of the Darcy-Weisbach equation often employed in overland flow studies (e.g., Dunne and Dietrich 1980) , u = (W
For turbulent flow the friction factor, f. is constant but for laminar flow the friction factor varies in-versely with Reynolds number, i.e., f = Kv/ud in which v is the kinematic viscosity and K is a con stant for a given roughness condition. Using the frictional relationship given in equation (7), the boundary shear stress for turbulent flow is Th = pw,lMgP'3 (-J (qCj\-TM) , (8) whereas for laminar flow 7,,, = pJMg)
Setting equations (8) and (9) equal to the critical shear stress and solving for the topographic condi tion where the critical shear stress is equaled or exceeded gives 1.41
for turbulent flow and~>
for laminar flow. This analysis shows that it channel initiation by saturation overland flow can be characterized as occurring once a critical boundary shear stress is xceeded, then the area per unit contour length upiope of the channel vanes with critical shear stress and inversely with roughness, precipitation and, if critical shear stress is sufficiently large, in versely with ground slope. If the critical shear stress is very small, then equations 110) and (11) reduce to equation (2), that is, channel initiation is equivalent to ground saturation. Montgomery 11991) has suggested that in some instances ground saturation may be the appropriate criteria for chan nel head advance by seepage erosion. In this case, channel incision might result from saturation overland flow draining a large area, but once inci--:on has occurred, seepage erosion advances the lannel head upslope to the point where the . round does not saturate.
Field Site
To test the application of the runoff and erosion thresholds, we selected a field site where extensive mapping and process studies have been conducted (figure 2). The general area, known as Tennessee Valley, lies north of San Francisco in Marin County, California, and is underlain by intensely deformed greywacke, chert, and greenstone (Wahrhaftig 1984) . The ground is mostly soil-mantled, with the gravelly soil typically thin (<1 m) on side slopes and ridge tops and thickening to several me ters in the colluvial fills in the valley axes. Local bedrock outcrops occur on some ridges and on steep slopes. The climate is Mediterranean with an average annual precipitation of about 760 mm (Rantz 1968) . Vegetation varies with topographic position and aspect, with native and European grasses covering many of the ridgetops and gentler side slopes, and dense stands of coyote brush mixed with locally impenetrable poison oak oc curring in many of the hollows and the steep side slopes in narrow canyons. The area was grazed by cattle from the early 1800s until about 1981; this grazing apparently increased the area of grass rela tive to brush and, when it was most heavily grazed in the late 19th century, the grass cover was proba bly greatly reduced relative to the present condi tion .
The channel network mapped in the field (Montgomery and Dietrich 1989 ) is shown in figure 2. Channels extend up to and often through con vergent areas of thick colluvial deposits. The chan nels in the steep canyons have bedrock floors. In the main valley the channel is incised into a broad, several meter thick deposit of alluvium and collu vium. Radiocarbon dating in this area (Montgom ery 1991), and elsewhere in the Bay area (Reneau et al. 1990) indicates that the aggradation of collu vium and alluvium here took place during the Holocene. A variety of direct and indirect evidence, gathered from historical accounts, recovered arti facts, and aerial photographs indicates that the channel in the main valley cut down and formed a terrace about 100 yrs ago during the period of most intense grazing and that many of the tributary channels were either formed or extended into the upslope colluvium at this time .
As reported by Montgomery and Dietrich (1988 , 1989 , the drainage area to the mapped chan nel heads systematically decreases with increasing local slope (figure 3). For any particular slope, con tributing area to the observed channeled heads ranges about one order of magnitude. The data for channeled and unchanneled valleys below and above the channel head suggest that the channel heads lie at a topographic threshold (figure 3), as might be expected from the threshold theories pre sented above. Field work in this area ) and a nearby site with similar topography, geology and vegetation has demonstrated that shallow subsurface flow and saturation overland flow are the principal runoff mechanisms in response to rainstorms. By mid-winter when the ground has become suffi ciently moist, storms delivering about 70 mm in about two days can cause extensive zones of satu ration overland flow to form in the unchanneled and small channeled valleys. In the past few years, despite severe drought conditions, we have ob served saturation overland flow extend over 100 m above the present channel heads in the lower gradient valleys. When this occurs, the water above the head typically runs very clear, carrying areas of thick colluvium (stippled areal and thick valley Tennessee Valley study area ot Marin County, California little or no sediment. In the channels just down stream, however, we have observed freshly scoured banks and local levee deposits on the grass where the small channels (<20 cm wide) have shoaled, causing water to spill onto the surrounding sur face. One intensively monitored abrupt channel head a few meters high has migrated upslope at about 20-40 cm per year for at least the past 3 yrs . Both seepage erosion, which leads to undermining and wall collapse, and satura tion overland flow, which removes collapsed mate rial once it falls over the head cut, are responsible for erosion.
In 1986, during monitoring of runoff at an un channeled valley north of this site, 40 cm of rain fell in 11 days, producing saturation overland flow iver 100 m in length (essentially to the divide).
The grass was bent down by the flow and, locally at the upslope tip of the small channel and the downslope end of the valley, the overland flow had a Froude number >1.0, although no obvious sur face erosion occurred. Measurements of the runoff produced during this storm revealed that it had roughness properties compatible with a laminar flow description, i.e., the calculated roughness var ied inversely with Reynolds number, yielding a K (as defined above) of about 10,000 (Wilson 1988, p. 109) . Despite this large Reynolds number, the data gave no indication of reaching a constant roughness. We suspect that the flow was indeed turbulent, but the momentum defect caused by the vegetation resulted in a turbulent eddy diffusion coefficient that did not vary with height above the bed, giving a laminar-like flow resistance rela tionship.
As saturation overland flow is largely confined to convergent zones along valley axes, erosion on the surrounding hillslopes is primarily due to pro cesses not involving surface runoff, i.e., masswasting processes. Shallow landslides involving just the soil-mantle are common in this area. Due to the dense brush in the steep canyon areas, it is difficult to map all the scars, even in the field. Some of these scars are probably several decades >ld based on the vegetation cover and sharpness of the edges, and in other cases, where bedrock is near the surface, it is difficult to define a discreet failure area. The scars are commonly only 5 to 10 m across and about twice as long. Using aerial photographs and field inspection, we mapped 39 landslide scars in the 1.2 km: larger catchment of the two shown in figure 2. The scars are most commonly found on the steeper footslopes and at the downstream end of small steep, unchanneled valleys. Given the uncertainty in mapping these subtle features when we compare the observed and predicted pattern of landsliding, we will interpret the mapped scars as indicating areas of mass instability, rather than as discrete points of failure.
On the gentler hillslopes and on the ridges, sedi ment transport occurs primarily by biogenic trans port associated with the burrowing activity of ani mals (Reneau et al. 1988; Black and Montgomery 1991) . Given the minor role of water in trans porting soil, downslope transport by this biogenic activity is probably largely slope dependent. Per haps the well-defined hilltop convexities in this area, as would be expected from a slope dependent transport law (Gilbert 1909) , attest to this process.
Topographic Analysis
Prediction of the full extent of the channel net work in a landscape using the above threshold the ories requires digital elevation data of sufficiently high resolution that the finest scale source-area ba sins can be quantitatively analyzed. At least for our field area (but probably in general), the digital elevation model (DEM) from the United States Geological Survey 7.5' quadrangle was useless. Al though elevations were digitized every 25 m along north-south lines in this DEM, the individual pro files were 150 m apart, and the data were interpo lated to a rectangular array of data points spaced 30 m apart (Bauer and Anderson unpub. data). As shown by Bauer and Anderson and clearly visible by inspection of a topographic map generated from the data, this DEM (made available for the first time in January 1992) cannot resolve valleys with wavelengths <1000 m with much accuracy. Given the general tendency for channel networks to ex tend into fine-scale valleys in steep terrain (Mont gomery and Dietrich , 1989 Dietrich and Dunne 1993) we question whether analyses based on USGS DEM's can be used to infer channel net works or the transition from hillslope to channeldriven erosion processes.
As an alternative, we took advantage of specially flown, low-elevation high resolution black and white photographs to generate our own DEM. Sev eral mapped ground features were used to control registration of the digital coordinates. Elevation data were obtained at a density ol about every 10 m for the 1.21 krrr catchment from stereo digitiza tion of the photographs. The low canopy cover per mitted clear ground visibility, and we selected data points to capture topographic change rather than to follow a regular grid. Elevation error for individual points we estimate to be ±0.5 m; horizontal error is about r3m.
For the simple steady-state threshold of erosion theories described above, any digital terrain model that enables one to compute local alb and M with reasonable accuracy should be sufficient. As many have found, however, grid-based analyses so far tend to produce undesirable artifacts (e.g., Fairfield and Leymane 1991) . To avoid this problem and to analyze landscape morphology in a manner strongly tied to its hydrologic response, we have relied on the digital terrain model, TOPOG (O'Loughlin 1986; Moore et al. 1988b; Vertessy et al. 1990) .
TOPOG grids the data points, smooths the data to remove sinks, draws contours and then lines roughly normal to the contours (minimum dis tance lines) that extend up from low elevations to ridges. These lines are approximately the flow lines for shallow subsurface and overland flow, and the combination of two adjacent flow lines inter secting two successive contours divides the land surface into distinctly shaped elements. For each element, the total contributing area, a. can be cal culated and the ratio alb from the bottom contour length of the element. The local slope, M. is the sine of the gradient from the contour interval di vided by the average length of the flow lines join ing them in an element.
In order to link runoff and erosion processes to landscape morphology, we took advantage of the element shape created by TOPOG to classify each element into divergent, planar, and convergent morphology. We used the simple criterion that if [bl -bl)/[bl -r bl) exceeded a set percentagechange, the element fell into one of the three cate gories. Here M and bl are the contour length of the upslope and downslope sides of the element, respectively. This percentage change is somewhat arbitrary. We chose the smallest values estimated to be relatively free of artifacts of the model (<-0.10 is convergent, >0.10 is divergent, other wise planar) to resolve the fine-scale topography. Figure 4 shows the spatial distribution of the three element types for our map representation of our site with 5 m contour intervals and average spacing between the "flow lines" of about 20 m. This com bination of element size and criterion for shape dis tinction successfully shows the valley axes as con vergent and the ridge lines as divergent. The relative distribution of divergent and planar ele ments is, however, clearly dependent on flow line spacing and contour interval relative to the cnte- Element Shape rion. If the percentage change requirement is held constant, then with decreasing spacing between the flow lines and resultant narrowing of the ele ments, the planar elements spread upslope at the expense of divergent ones, leaving just the triangu lar elements where the flow lines terminate along the ridge line. The extent of the convergent ele ments is much less sensitive to the size of the el ement.
Land surface morphology classified in this man ner captures an aspect of both the form of the sur face and its likely hydrologic behavior. The con tour lines create a smoothed representation of the surface, and in combination with the relatively broadly spaced flow lines this tends to emphasize the relative hydrologic convergence as compared to the local detailed shape of the ground surface. We will use element classification to guide evalua tion of Tlq. as shown below.
In order to make comparisons with our channel initiation theory, we have also classified conver gent elements as channeled or unchanneled. Chan neled elements were identified by tracing the ob served channel network (figure 2) onto a computer-generated map of the catchment. We found that nearly all of the "channeled" elements fell within the observed range ot topographic threshold for channel heads of (-i/bhS2 = 200 m to (a/blS2 = 25 m reported by Montgomery and Dietrich (1992) (figure 5) (here S is the tan B). This excellent agreement between field-determined val ues of alb and tan 0 and that calculated from the DEM for channeled portions of the landscape strongly supports the use of the DEM as an accu rate representation of the actual ground surface. Only where the threshold relations are proiected to steep slopes where channels do not occur in the field do the planar and unchanneled elements also fall within this range. We will discuss this later.
Further evidence of the reliability of the data comes from comparing the computed alb and slope data using TOPOG with that from a com pletely different grid-based digital terrain model developed by Bauer (pers. comm. 19921 . For all ele ments, the average of the logarithm of alb is 58.9 m using TOPOG and 59.0 using Bauer's model, ■"he average slope of the elements is 23.4° using TOPOG, whereas the average slope using Bauer's model is 22.5°. In both cases the standard devia tions were essentially identical. This suggests that artifacts peculiar to a particular digital terrain model are minimum.
Building upon the characteristic form concept popularized by Kirkby (1971) , Willgoose (1989) has suggested that in a slope-area analysis of the kind Figure 5 . Comparison of the area per unit contour length versus ground slope data generated from the digi tal terrain model, TOPOG, with the upper and lower limit (solid lines) of channel head data given in figure  3 . A total of 5632 elements were classified by shape. Channeled convergent elements were identified using the network map in figure 2. Symbols represent the aver age of the log values of alb for uniform log classes of ground slope. Individual data points are shown in Die trich et al. (1992) . .
in figures 2 and 5, hillslopes should show a system atic increase in contributing area with increasing slope (a convex profile), because hillslope form is presumably set by slope-dominated transport pro cesses. Channeled portions of the landscape should show a systematic decrease in slope with increas ing drainage area because of the importance of wa ter runoff as well as slope in the transport process (a concave profile), and the length of the hillslope would be reflected in a distinctive inflection point on a area-slope or slope-area graph of elements de rived from a digital terrain model. Tarboton et al. (1991) have subsequently claimed to observe this inflection point in their analysis of digital eleva tion data, but this may be an artifact of their analy sis of low resolution USGS DEM's. Furthermore, an innovative theoretical analysis based on stabil ity theory by Loewenherz (I99la. 1991b) suggests that the channel head may extend upslope of the inflection point. While there is a clear change in the contributing area-slope relation associated with the transition from divergent to convergent elements (figure 5), there is no simple inflection in our data.
Threshold* Analysis
The thresholds of saturation (equation 2), slope sta bility (equation 4), and erosion by saturation over land flow (equations 10 and 11) are functions of al b and M; hence the derived threshold equations can be readily compared with the observed distri bution of element types. This comparison can place significant constraints on the appropriate ness of the threshold and, in effect, permits a ratio nal approach for evaluating the parameters in each of the threshold theories. In fact, given the assump tion of steady-state runoff, such a comparison may be the only reasonable way to parameterize fully these theories. Threshold of Saturation. All three thresholds are controlled at least partly by the ratio of transmissivity to runoff rate [Tlq). In the threshold of satu ration (equation 2) Tlq is the slope of the line re lating alb to -VI. There are at least three ways to assess [Tlq) . Field measurements, such as pump tests on piezometers, can provide estimates of T, and q can be selected from precipitation records. Given the high spatial variability of T and the un certainty of what exactly q is (because of the steady-state assumption), this method of assessing Tlq cannot be used. Based on an intensive hydrologic study near our field site , we estimate the transmissivity to be about 17 m2/d and, surprisingly, not to vary significantly with topographic position (hollow versus ridge) because of the dominance of the high conductivity of the surface soil. This estimate must still be considered extremely crude, but without some other con straint, we have no rational way of choosing a sig nificant steady-state q to drive the erosion thresholds.
Another method, which at least would help evaluate the general validity of the model, would be to map in a watershed the farthest upslope ex tent of saturated areas developed from a large pre cipitation event and determine whether this posi tion has a similar value of al(bM] throughout the basin, as expected from equation (2). We have at tempted to do this, but because of an extended drought in California, we have had very little op portunity to make observations. It is also difficult to locate field observations with the precision nec essary to identify which element it belongs to in the digital terrain model. The last significant over land flow event was in March of 1989 after a roughly 0.08 m rainfall. For six different hollows, it appears the al(bM) value for the farthest upslope extent of surface saturation ranged from 200 to at least 2000 m, with four of the points apparently falling between 500 to 1000 m. If T is roughly l7 m2/d, then q in this case would be 0.034 to 0.068 m/d. No landslides occurred during this event, but some of the smallest upslope channel tips did scour, and a carefully monitored channel head ad vanced about 0.4 m upslope.
A third method to estimate Tlq. and one that seems most appropriate for a general threshold of erosion investigation, is to use the landscape mor phology to place constraints on the possible value of Tlq. Based on both field observations and what we would expect from simple physical intuition, we would not expect the divergent elements, which are almost exclusively found on the ridges, to experience saturation. Furthermore, the lower gradient convergent elements making up chan neled and unchanneled valleys ought to become saturated during events large enough to cause landsliding or channelization by saturation overland flow. Figure 6 shows the saturation threshold line for three values of Tlq plotted against the various element types. Clearly, a value of about 350 m for Tlq causes nearly all divergent elements to be un saturated while nearly all of the convergent and channeled ones are saturated (figure 6) (see Die trich et al. 11992) for comparison with individual data points). The vast maionty of the planar ele ments are also predicted to be unsaturated, which seems reasonable. This value of Tlq would require a q of 0.05 m/d if T is 17 m2/d. To judge whether an 0.05 m/d roughly steady-state runoff is possible, we used the simple analytical model of Iida (1984) to estimate that it would take roughly 9 days for a 59 m long planar slope (approximate mean slope length here) to reach steady-state with a transmis sivity of 17 m2/d and rainfall of 0.05 m/d. A storm about this magnitude (0.40 m) and duration oc curred near here in 1986 . The maxi mum precipitation recorded in 10 days at a rain gage in this general area is 1.1 m (California Dept. Water Resources 1981). Figure 7 shows the extent of ground water saturation for steady-state runoff and a Tlq of 350 m. The saturated region, with few exceptions, is confined to the valley network of channeled and unchanneled convergent topogra phy. Some of the long triangular saturated patches along the divide are clearly artifacts of the model, but otherwise the predicted saturated topography appears consistent with field observations.
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Our abil-ity to analyze this problem is limited because the elements in the low gradient valleys are quite large and the local hydraulics within an element associ ated with a channel are likely to be quite different than that estimated from the element as a whole. Nonetheless, the field observations and topo graphic analysis suggest a tendency for the low gra dient valleys to aggrade with poorly defined chan nels when unaltered by landuse. The third and fourth features of figure 9_4 have to do with the unchanneled elements within or near the threshold range of channel initiation. While none of the channel heads extend below the (a/b)S2 of 25 m, many elements lying above this value are unchanneled. Most of these elements form distinct linear patches on the steep side slopes of the bedrock canyons and lie in subtle hol lows. Empirically we would argue that these ele ments lie in areas prone to channelization, but ei ther because of local variations in such properties as saturated conductivity and friction angle or, and more likely, because of a tendency for diffusive sediment transport to fill in channels here the sites lack mappable channels. If these elements lie above the erosion threshold, the latter interpreta tion seems most plausible. The fourth feature, and one that Montgomery and Dietrich (1992) empha sized, is the tendency for elements with the value of (alb)S1 just below 25 m to lie at the topographic transition from valley to ridge. Montgomery and Dietrich (1992) argue that this strongly suggests that ridge and valley development and ultimately their spacing is influenced by the threshold of channel initiation. To be consistent, the erosion theories described above should not predict surface instability upslope of these elements. Figure 95 shows the pattern of elements pre dicted to be unstable for a Tlq of 350 m and a <|> of 40° and their relationship to the channel network. As discussed above, these parameters are reason ably well constrained by topographic analysis and observations; nonetheless, there remains signifi cant uncertainty about the full extent of the poten tially unstable ground. The comparison with the channel network shows that nearly half of the channel heads lie in or just below areas predicted to be above the slope stability threshold. The vast majority of the unstable elements, however, do not drain directly to a channel head nor lie on the path of a channel. Hence, while landsliding can contrib ute to channel head advance upslope, the tendency for landsliding alone is not sufficient to maintain a channel. On the other hand, many of these un channeled, but unstable elements do correspond to the elements either within the channeled range of [a/bjS1 or just below it (compare with figure 9A ). These observations indicate that the linear patches of unchanneled elements within the channel head range shown in figure 9_4 correspond to unstable areas that just lack sufficient runoff to maintain a channel.
In figure 9C , the pattern of relative sediment transport capacity (-,, --,)'3 is mapped and com pared with the observed channel network. Al though channel incision is expected to occur once a critical boundary shear stress is exceeded (and possibly supercritical flow occurs), if the diver gence of the boundary shear stress and thereby sed iment transport field is negative downslope, aggra dation and smothering of any channelization tendency is likely. In comparing the excess relative sediment transport capacity with the observed channel network it is worth remembering how ap proximate the parameters are in the boundary shear stress model and the large scale of the ele ment relative to the size of the channel. Nonethe less, the similarity throughout the basin of results for 35 different tributaries for a single set of param eters supports the mechanistic interpretation pro posed here.
In most of the tributaries, the channel head lies slightly downslope of the point where the bound ary shear stress exceeds the critical value for satu ration overland flow erosion. The other channel heads generally correspond to sites where landslid ing predominates. Relative sediment transport in creases downstream along the channel network, but for all nine discontinuous tributaries, the downstream end of the channel corresponds to the reach where the relative sediment transport de clines downslope. A decline in the downslope di rection also occurs along the network where the channels leave the narrow canyons and enter the broad valley, in agreement with the historical ten dency for deposition to occur in the lower valley and possibly have only a poorly formed channel. This seems to provide strong support for the gen eral structure of our model.
Most of the unchanneled elements that lie within the channel head range of [a/b)S2 and along the valley axes are predicted to be unstable due to saturation overland flow erosion (compare 9C._4). Although this is good correspondence between the threshold theory and the observed topographic threshold, it does not explain why these elements remained unchanneled. One simple answer, which presumes the model to be reasonably accurate, is that the assumed critical boundary shear stress and roughness are slightly incorrect for application of this model to the field observations. Figure 10 wm. Journal of Geology CENTENNIAL SPECIAL ISSUE 275 shows the effect of changing the critical boundary shear stress by only a factor of two. Because of the third power dependency on critical boundary shear stress in the threshold model, a huge difference in the extent of channel network (elements above the critical boundary shear stress) is predicted with small changes in tc. This implies that the differ ence between observed and predicted channel net work in figure 9C is explicable by a small modifi cation of the tc. Unfortunately, for the purposes of field verification of this erosion threshold model, this result suggests that critical boundary shear stress is an important parameter which is virtually unknowable at the level necessary to test model predictions. While it will be useful to determine whether tc is 1000 or 100 dyne/cm2 from field ex periments, we will likely not be able to character ize it for an entire basin to within 50%. Hence, like saturated conductivity or transmissivity, criti cal boundary shear stress, even though it has a smaller range of values, may not be a parameter that can be sufficiently well-known from just field observations and an "effective" value must be esti mated from response of the system as a whole. If we accept the general validity of the satura tion overland flow erosion threshold model, then our model results clearly demonstrate that changes in land use or climate that alter the surface resis tance to erosion should have a dramatic effect on the stability of the channel network. Cattle grazing in this area reduced the critical boundary shear stress and caused significant expansion of the channel network (figure 10). Figure 9D summarizes the spatial significance of different erosion processes predicted from the threshold theories. It shows the ridge lines domi nated by diffusive (slope-dependent) sediment transport processes that feed sediment to landslideprone planar and subtle convergent slopes border ing the ridges and valley sides. Surface runoff in the larger valleys then conveys the sediment further downstream. Mapping of process dominance, as shown in figure 9D , should prove useful in catch ment sediment budget studies. A more formidable task is the development of sediment transport laws supported with field observations that permit rout ing of sediment down hillslopes and along the channel network.
Conclusions
With the development of digital terrain models ca pable of analyzing large sets of digital elevations, it is now possible both to quantify the detailed topography of landscapes and to explore processbased models in explaining mappable features. One of the most useful features to map is the channel network. We have shown that it can be used to place significant constraint on erosion theories. Pa rameterization of such theories may be quite diffi cult because of the high spatial variability of the controlling parameters and the sensitivity of the model outcome to their values. Instead of relying on field observations alone for evaluation of the parameters, the topography and the extent of the observed channel network itself can be used to de termine the parameters. But once such a calibra tion is done, application elsewhere is needed to validate the model.
Despite this limitation, the comparison be tween the threshold theory of saturation, erosion by saturation overland flow, and threshold of slope instability and the observed topography and extent of the channel network in our field area suggests several conclusions. The upslope extent of the channel network is controlled by a combination of slope instability and erosion by saturation overland flow. These two thresholds have very different a I b to M relationships and should not be represented by a single function, as some may choose when examining the empirical data. Although seepage erosion may also be important, our analysis sug gests that it is not required. While slope instability contributes to channel head advance, it alone does not control the tendency for channelization: over land flow appears to be required. Hence, there are many steep areas bordering the channeled valleys that cross the topographic threshold for channel ization, but remain unchanneled because only shallow landsliding occurs. In other, steeper envi ronments with greater relief, perhaps debris flow scour from landsliding can act to cut channel-like features, thus reducing the importance of overland flow. Application of our model to locations in Ore gon and Washington support this interpretation.
The threshold of erosion by saturation overland flow varies as the third power of critical boundary shear stress. Consequently, the extent of the chan nel network incised by erosive overland flow varies dramatically with changes in surface resistance. This helps explain the widespread gullying in the grazing land surrounding the San Francisco Bay and probably many other areas where overland flow is important in channel incision.
Application of the models proposed here to other landscapes with similar erosion processes will require high resolution digital elevation mod els to capture the topographic control on runoff and erosion mechanisms. The models proposed here should be quite general to landscapes where 27b* Figure 10 . Area predicted to be eroded by saturation overland flow for a critical boundary shear stress of [A) 320 dyne/cm2 and [B) 160 dyne/cm2. This pattern corresponds to the two threshold lines shown in figure 6. shallow subsurface and saturation overland flow runoff mechanisms predominate. For model evalu ation, detailed mapping of the channel network and location of landslide scars is essential. Such data are rarely available at present.
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